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D
To understand the pathway used by Phytophthora cinnamomi Rands to penetrate the bark of jarrah, the  9 
present study describes unwounded periderm and rhytidome development. Periderm formation is  10 
described from its initiation in 4-week-old seedlings to the formation of rhytidome in saplings. Periderm  11 
in young seedlings consists of a single type of phellem, namely thin-walled suberised cells. In older  12 
seedlings where multiple layers of periderm have formed, layers of thick-walled lignified phellem cells in  13 
compacted bands alternate with thin-walled suberised cells. Rhytidome formation in older lignotuberous  14 
seedlings and in sapling jarrah occurs through the isolation of secondary phloem by periderm. The  15 
rhytidome consists of expanded and partially disintegrated secondary phloem tissue sandwiched between  16 
layers of phellem cells. Localised periderm formation beneath stomata results in the formation of lenticels,  17 
which are ephemeral features. Superficial periderms occur at sites of leaf and shoot abscission, and of  18 
lateral shoot emergence. Concealed axillary shoots lack cuticle on emergence. As the trees age, the  19 
internal production of lignified/suberised periderm and rhytidome results in an impenetrable barrier to  20 
invasion by P. cinnamomi. However, external sites including lenticels and leaf and shoot abscission and  21 
emergence areas, all provide points of ingress in unwounded stems.  22 
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Introduction  26 
Eucalyptus marginata Donn ex Smith (jarrah) is an ecologically and economically important  27 
hardwood of south-western Australia. Approximately 20% of the jarrah forest has been infested  28 
by the microscopic pathogen Phytophthora cinnamomi Rands, with the proportion considerably  29 
higher in the wetter part of the forest (CALM 2004). Infection of susceptible forest eucalypts  30 
by P. cinnamomi occurs through the fine roots, major roots and collars (Marks et al. 1981).  31 
O’Gara et al. (1996) demonstrated that when stems were flooded, zoospores of P. cinnamomi  32 
could penetrate the unwounded periderm of E. marginata seedlings and colonise stem tissue.  33 Publisher: CSIRO; Journal: BT:Australian Journal of Botany 
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Stems are often flooded because of ponding of riplines after heavy rain at rehabilitated mine  1 
sites (O’Gara et al. 1996
The anatomy of stem periderm and rhytidome has been described by 
) and in areas of natural forest that occur over cap rock.  2 
Chattaway (1953, 1955)  3 
in more than 150 Eucalyptus species; however, there is no comprehensive account of the origin  4 
of phellogen and the subsequent development of the periderm and rhytidome in E. marginata.  5 
Chattaway (1955) recognised that rows of phelloderm varied among and within species and  6 
samples. However, because of an availability of only three samples of E. marginata a detailed  7 
study of the structure and formation was not completed on this species (Chattaway 1953). Shea  8 
and Dell (1981) provided some preliminary data on the anatomy of jarrah roots; however, more  9 
information, particularly for stems, is needed to understand the mechanisms involved in the  10 
invasion by P. cinnamomi of unwounded jarrah stem periderm (O’Gara et al. 1997
Material and methods  14 
). We report  11 
here a histological investigation of the origin of phellogen, and the processes of periderm and  12 
rhytidome development in jarrah stems and roots.  13 
Plant material  15 
Jarrah seedlings were provided by Alcoa World Alumina Australia and maintained in a glasshouse. Tissue  16 
from jarrah saplings was collected from trees on rehabilitated mine pits at Alcoa’s Huntly mine, near  17 
Dwellingup in Western Australia. The histology of stems and roots was examined at the following stages  18 
of development (ages are after emergence): (i) 2-week-old seedlings (only cotyledons present above the  19 
soil), (ii) 4-week-old seedlings (cotyledons present plus 1 internode), (iii) 6-week-old seedlings  20 
(cotyledons present plus 2 or 3 internodes), (iv) 4–6-month-old seedlings (cotyledons generally dead, 4 or  21 
5 internodes present), (v) 1–3-year-old lignotuberous seedlings and (vi) 3–4-year-old saplings.  22 
Tissue preparation and examination  23 
Fresh and fixed, embedded and unembedded tissues were examined. Unembedded material was best for  24 
sectioning the tissue that had undergone secondary thickening, except for rhytidome tissue, which was too  25 
spongy to section without a support medium. Double-sided razor blades were used to obtain free-hand  26 
sections, and a Leica sledge microtome (Lasetechnick GmbH, D-69120 Heidelberg, Germany) was used  27 
to obtain coarse sections (30–60 μm thick). For fixation, tissue was cut into ~10-mm
3 pieces for  28 
immediate fixation in formalin–acetic acid–alcohol (FAA) (Jensen 1962). Tissue collected from  29 
seedlings was cut into 2.5–5-mm
3 pieces for fixation in 2% paraformaldehyde and 2.5% glutaraldehyde in  30 
0.1 M phosphate buffer (Glauert 1975
Stains for light microscopy included iodine potassium iodide for starch in fresh or fixed tissue (
) under slight vacuum. The latter tissue was dehydrated in an  31 
ascending series of acetone–deionised water solutions, infiltrated in an ascending series of Spurr’s– 32 
acetone solutions, embedded in Spurr’s epoxy resin (ProSciTech Microscopy PLUS, Qld, Australia),  33 
polymerised at 70°C for 24 h, and sectioned at 1–4 μm with glass knives on a Sorvall JB-4 microtome.  34 
Jensen  35 
1962), phloroglucinol–HCl (P–HCl) for lignin in fresh tissue (Schneider 1981), Sudan black B (SBB)  36 Publisher: CSIRO; Journal: BT:Australian Journal of Botany 
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for suberin in fresh or fixed tissue (Bronner 1975) and toluidine blue O (TBO) for polyphenolics and as  1 
a general stain (O’Brien et al. 1965
Sections were examined under epi-fluorescence (FM) either (1) with UV/violet excitation with band  3 
pass filter BP365/11, chromatic beam splitter FT395 nm and barrier filter LP397 on a Zeiss  4 
photomicroscope Model III (Zeiss, 7082 Oberkechan, West Germany), or (2) with violet excitation  5 
(exciter filter BH-DMUV) and no barrier filter on an Olympus stereo microscope Model SZH10  6 
(Olympus Optical Co. Ltd, Shinjuku-ku, Tokyo, Japan).  7 
).  2 
Tissue fixed in either FAA or the paraformaldehyde–glutaraldehyde mixture was prepared for scanning  8 
electron microscopy (SEM) by dehydration in an ascending series of ethanol–deionised water solutions,  9 
infiltration in amyl acetate, critical point drying and sputter coating with gold. Samples were examined  10 
with a Philips Model XL 20 SEM.  11 
Results  12 
Phellogen initiation in seedlings  13 
The root collar, an extension of the root cortex, marks the interface between the root and  14 
hypocotyl in 2-week-old E. marginata seedlings. Phellogen is initiated in the pericycle of the  15 
root, immediately below the collar, ~4 weeks after emergence (Fig. 1a, b). The parenchymatous  16 
pericycle is often distinguishable only from other tissues by its position between the vascular  17 
tissue and the endodermis. At the time of phellogen initiation, the root cortex has begun to  18 
disintegrate (Fig. 1b
Cells that contain material that brightly autofluoresces and stains blue–green with TBO, and  22 
that are common in the root cortex, are referred to as polyphenol-rich cells (
). Disintegration begins with the break down of the walls between the large  19 
thin-walled parenchyma cells of the primary cortex, followed by invagination or distortion of  20 
the remaining cell walls.  21 
O’Brien et al.  23 
1965). These cells are more resistant to degradation than the thin-walled cells. The fluorescent  24 
and TBO-reactive material is present in the cells as granules, as a lining around the cell from  25 
which granules emanate or as an amorphous mass that fills the cell (Fig. 1a
Phellogen expansion and formation of the first periderm  27 
).  26 
Two layers of non-fluorescing cells are produced by the first phellogen before production of the  28 
first layer of thin-walled phellem cells (TnP), which had highly fluorescent walls under  29 
UV/violet excitation. The non-fluorescing layers become radially flattened between the TnP  30 
internally and the suberised endodermis externally. Initially, the phellogen produces equal  31 
numbers of phellem and phelloderm layers, resulting in the formation of a secondary cortex  32 
between the phellogen and the primary phloem tissue.  33 
Once the first periderm forms, cortical disintegration in the root accelerates and  34 
autofluorescence of the cortical cells fades rapidly. The exodermal cells continue to fluoresce,  35 Publisher: CSIRO; Journal: BT:Australian Journal of Botany 
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particularly on the external cell wall, although they too eventually fragment, and are shed with  1 
the cortex, leaving the endodermis as the outermost layer of the root.  2 
Periderm expansion into the main stem and cotyledons  3 
At the root–shoot interface in the region of the collar, the pericycle is interrupted by phloem  4 
fibres, which protrude through it to directly abut the endodermis. Consequently, the phellogen  5 
forms in a sinuous pattern in the discontinuous pericycle and the parenchymatous cells  6 
surrounding the fibres. After periderm formation at the root–shoot interface, the collar is shed  7 
with the cortical tissue. In the absence of pericycle at the base of the cotyledonary node,  8 
phellogen forms in the parenchyma surrounding the phloem, resulting in a periderm  9 
interspersed with fibres. Periderm formation occurs at the cotyledonary node before lignotuber  10 
formation.  11 
Phellogen differentiation in the main stem, above the cotyledonary node, is confined to  12 
parenchyma internal to the primary phloem, producing a continuous ring of periderm. New  13 
periderms arise concentrically inside previous ones. In both roots and stems, two or three layers  14 
of periderm form before the primary cortex and phloem tissues are shed.  15 
The progress of periderm formation in the main stem is evident morphologically. The straw- 16 
coloured young periderm contrasts sharply with the green stem, and the death and subsequent  17 
collapse of tissue external to the first periderm gives the base of the main stem a slightly  18 
shrunken appearance.  19 
Periderm formation in stems of 4–6-month-old seedlings  20 
The increase in stem width from the formation of secondary vascular tissue is accompanied by  21 
the division and extensive expansion of parenchyma in the primary cortex and division in the  22 
secondary cortex (Fig. 2). At the green stem–boundary in 4–6-month-old jarrah seedlings, the  23 
phellogen front develops in the parenchyma of the secondary cortex, immediately internal to  24 
the primary phloem fibres (Fig. 2
Periderm development in stems of lignotuberous seedlings  30 
). The periderm is often observed to diminish internal to the  25 
primary phloem tissue at the green stem–periderm boundary. Where periderm formation has  26 
occurred, the primary cortex is radially isolated from the central vascular tissue, although it  27 
maintains axial contact with the living cortex above. Some cortical disintegration occurs before  28 
the phellogen formation in the shoots, although not to the same extent as in the roots.  29 
Periderm development in seedlings becomes less regular with increasing age. The phellogen  31 
front is irregular around the circumference of the stem in lignotuberous seedlings, and the  32 
periderm often progresses acropetally in ‘tongues’. The cuticle remains intact for some time  33 
after periderm formation, resulting in the tissue having the characteristic red–brown colour of  34 Publisher: CSIRO; Journal: BT:Australian Journal of Botany 
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periderm and the texture and sheen of cuticle. Starch is often highly concentrated in the primary  1 
cortex adjacent to the region of periderm formation (Fig. 3
The primary cortex is substantial in older lignotuberous seedlings, and many cells of the  4 
inner cortex differentiate into sclereids. Periderm formation occurs in the stem of these  5 
seedlings in the primary cortex and the subepidermal layer rather than internal to the primary  6 
phloem as in younger seedlings (
). Although the cuticle is slower to  2 
degrade than the epidermal cells, it eventually disintegrates.  3 
Figs 4
Successive periderms are unequal axially, resulting in a complex pattern of periderm layers  12 
in lignotuberous seedlings. Successive tongues of periderm join to form an irregular although  13 
continuous periderm around the stem. Eventually, a single, continuous and concentric periderm  14 
is formed internal to the older, superficial periderms. Periderm development continues up the  15 
stem and into the side branches in this stepwise manner.  16 
, 5). Periderm formation in the primary cortex or the  7 
subepidermal layer is followed by a loss of cortical tissue as successive periderms differentiate  8 
deeper in the cortex. The isolation of layers of primary cortex between sequential periderms in  9 
lignotuberous seedlings represents the formation of the first rhytidome in jarrah, as discussed  10 
below.  11 
Characteristics of jarrah stem periderm  17 
The phellogen in jarrah seedlings constitutes a single layer of cells that are often heavily  18 
infused with polyphenolic material, making them similar in appearance to the surrounding  19 
parenchyma. Unlike the surrounding parenchyma, phellogen cells do not undergo expansion,  20 
are often radially flattened, particularly when actively dividing.  21 
Phelloderm cells in jarrah are similar in appearance to phellogen cells. They, too, are often  22 
heavily infused with polyphenolic material, radially flattened, do not undergo expansion and  23 
are distinguishable in the radial alignment with the phellogen. The amount of phelloderm  24 
produced by the phellogen as seedlings age varied from none to many layers.  25 
Two major types of phellem cells are identified in the periderm of jarrah seedlings, namely  26 
TnP and thick-walled phellem (TkP). The walls of TnP stain blue–black with SBB, suggesting  27 
the presence of suberin (Figs 3, 6). The thick walls of the TkP react positively with P–HCl and  28 
fluoresce blue, similar to the phloem and xylem tissue, suggesting the presence of lignin. TnP is  29 
the only type of phellem present in the first periderm of jarrah stems. The TnP cells are  30 
approximately isodiametric in their early form. The outer walls, when unrestricted by external  31 
layers of tissue, are often dome-shaped (Fig. 6). In fixed, embedded material the cells appear  32 
variously, as follows: empty; lined or partially filled with a granular material which stains dark  33 
with TBO; or filled with a highly fluorescent amorphous material which shrinks away from the  34 
outer tangential wall as the cells age.  35 Publisher: CSIRO; Journal: BT:Australian Journal of Botany 
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The TkP cells in jarrah periderm are radially flattened with a thickened inner tangential wall,  1 
leaving a small lumen. They are found between sequent periderms in older seedlings (Figs 6, 7)  2 
and are first observed in lignotuberous seedlings where they form wedges, which fill spaces  3 
that have resulted from overlapping periderms (Fig. 6). Staining reactions indicate that the TkP  4 
may occur after the formation of a new periderm and the deposition of lignin in the inner  5 
tangential walls of the phelloderm and phellogen cells of the previous periderm. TkP occurs in  6 
thin bands (1 or 2 layers) in seedlings, or less regularly in thick bands (up to 10 layers were  7 
observed) in saplings. The bands are usually separated by a single layer of TnP (Figs 6, 7).  8 
When older periderms become detached from the stem, separation occurs at a boundary  9 
between a band of highly compacted TkP and a layer of TnP (Fig. 6
Lenticels  12 
). Fragments of periderm  10 
curl outward, resulting in scallops or flakes of loose phellum.  11 
In seedlings, stomata are found interspersed with oil glands in the young, green stem tissue  13 
(Fig. 8). In lignotuberous seedlings at the green stem periderm boundary, stomata are replaced  14 
by lenticels (Fig. 9
Rhytidome development  16 
) which are shed when periderm forms internal to them.  15 
Rhytidome formation is first observed in lignotuberous seedlings. As phellogen differentiation  17 
progresses deeper into the cortex, isolated layers of cortex are sandwiched between two layers  18 
of periderm. Autofluorescence of the isolated tissue fades and polyphenolic material  19 
accumulates in the moribund cells. In older stems, in which all cortical tissue and primary  20 
phloem tissue have been shed, periderm is formed in the outer secondary phloem. The zones of  21 
secondary phloem are isolated between sequent periderms and include thin-walled parenchyma,  22 
which are grossly expanded with some wall disintegration (Fig. 10
Periderm formation at sites of lateral shoot production  26 
). The result is a network of  23 
loosely connected cell walls holding the fibres and sclereids in place, bordered internally and  24 
externally by periderm. This produces the spongy rhytidome, typical of mature jarrah trees.  25 
In green stems, leaf abscission results in conspicuous and isolated patches of periderm.  27 
Abscission-zone periderm consists of TnP. Tissue isolated by periderm at the abscission-zone  28 
becomes lignified with tracheary elements, forming a conspicuous bundle scar in the middle of  29 
the stem-leaf scar (Figs 11, 12, 13). In the axil of the stem-leaf (or immediately above the  30 
abscission scar), axillary buds are embedded in the ground tissue. Collenchyma, with numerous  31 
polyphenolic cells, intergrades with parenchyma in the peripheral regions of the stem at the  32 
sites of axillary growth. When a shoot develops from a bud, the collenchyma is crushed and the  33 
periderm is ruptured by shoot emergence (Fig. 12). The emerging shoots lack cuticle.  34 Publisher: CSIRO; Journal: BT:Australian Journal of Botany 
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On the lower stem of glasshouse-raised jarrah seedlings, the first axillary shoot to develop  1 
after the abscission of the stem-leaf is often short-lived. Death and abscission of this shoot  2 
results in the formation of another smaller scar immediately above the leaf scar. A second  3 
axillary shoot then develops between the two abscission zones (Fig. 13
Discussion  9 
). In green stems,  4 
localised periderm formation occurs in the epidermal or subepidermal layer around the site of  5 
the axillary shoot emergence. The patchwork of green tissue and periderm is progressively  6 
superseded by the main body of periderm as the plant grows. This obscures the positions of the  7 
axillary buds externally; however, vascular traces indicate their positions anatomically.  8 
In E. marginata, phellogen is initiated in the pericycle of the root, just below the root collar. It  10 
occurs shortly after the secondary thickening of the primary phloem fibres, in agreement with  11 
the observations of Eucalyptus st johnii and E. obliqua (Tippett and O’Brien 1976). At the site  12 
of phellogen initiation in jarrah roots, the pericycle is a continuous layer of cells internal to the  13 
endodermis and external to the primary phloem. At the root–shoot transition, the endodermis is  14 
still present whereas the pericycle is no longer continuous, being interrupted by phloem fibres.  15 
It is at the root–shoot interface that periderm first develops internal to the phloem.  16 
Tippett and O’Brien (1976) noted the presence of suberised and non-suberised cell layers in  17 
the first periderm in the roots of E. st johnii and E. obliqua, which they termed a polyderm  18 
(Esau 1965
Cortical disintegration in the roots commences before phellogen formation, resulting in a  21 
loose air-filled tissue. 
). The first phellogen in jarrah also produces a polyderm, the first two layers of  19 
which are non-suberised, with all subsequent layers suberised.  20 
Tippett and O’Brien (1976) found this to be the case in the roots of E. st  22 
johnii but not in E. obliqua. They associated the formation of a more aerenchymatous tissue in  23 
E. st johnii with the flood tolerance of the species, whereas this is unlikely to be an explanation  24 
for jarrah, which is intolerant of waterlogging (Davison and Tay 1985
Polyphenolic-rich cells in the cortex of jarrah roots and shoots are more resistant to  26 
breakdown than most other cells. This was also noted by 
).  25 
Tippett and O’Brien (1976) in the  27 
roots of E. st johnii. They postulated that the large number of cells containing antimicrobial  28 
polyphenols in E. st johnii may be one of the reasons why this species is tolerant to P.  29 
cinnamomi. However, the susceptibility of jarrah to infection by P. cinnamomi has been  30 
demonstrated repeatedly, despite large numbers of polyphenolic-rich cells in the roots and  31 
stems. The high concentration of starch observed at the green stem–periderm boundary in jarrah  32 
may fuel the meristematic activity of the phellogen and be the precursor for the phenolic  33 
components of the periderm, including lignification of the TkP (Taiz and Zeiger 1991).  34 Publisher: CSIRO; Journal: BT:Australian Journal of Botany 
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Phelloderm is always produced in eucalypts; however, it is not unusual for it to be produced  1 
in very small amounts or not at all in other plants (Whitmore 1962; Cutter 1971; Zimmerman  2 
and Brown 1971
Two major types of phellem cells occur in the periderm of jarrah seedlings, namely TnP,  5 
which are thin-walled and suberised phellem cells, and TkP, which are lignified phellem cells.  6 
This observation is in agreement with the work on Eucalyptus spp., including jarrah, by  7 
). In jarrah, it is produced in one to several layers, and is frequently  3 
discontinuous.  4 
Chattaway (1953, 1955). Tippett et al. (1983)
Suberised cells are thought to provide chemical impermeability and physiological isolation in  13 
periderm tissue (
 identified thin-walled suberised phellem in the  8 
necrophylactic (non-specific active wound response) and exophylactic (protects against the  9 
external environment) periderm of P. cinnamomi-infected jarrah, and observed thick-walled,  10 
lignified phellem sandwiched between the two periderms. Thin-walled phellem cells of the  11 
exophylactic periderms form internal to necrophylactic periderms.  12 
Godkin et al. 1977
The TkP is common in the genus Eucalyptus, and prominent in the ‘stringybarks’, to which  18 
jarrah belongs (
). In jarrah, the TnP cell varies in shape, fluorescence and  14 
fluorescence-fading characteristics, and in their resilience to collapse when isolated by a new  15 
periderm. The fluorescence characteristic appears to be a function of the age and position of the  16 
suberised layer in relation to other periderm tissue.  17 
Chattaway 1953, 1955). Although no histochemical evidence was presented,  19 
Chattaway (1953) also described these cells as lignified. Thick-walled, lignified phellem cells  20 
have been described for other genera (Eames and McDaniels 1947; Esau 1953; Cutter 1971). In  21 
jarrah, the thickening occurs on the inner tangential walls of the TkP, and their compact  22 
arrangement in multiple layers would provide considerable protection against mechanical  23 
damage as has been suggested for Tsuga (Grozdits et al. 1982). Chattaway (1953) observed that  24 
the bands of TkP remained intact, whereas breaches occurred between the TnP and layers of  25 
TkP. This was also the case in jarrah. In P. cinnamomi-infected stems and roots of jarrah, the  26 
thin-walled phellem cells of the exophylactic periderms became lignified as well as suberised  27 
(Tippett et al. 1983). Pereira (1988) attributed the brittleness and lack of elasticity and  28 
compressibility in the periderm of Calotropis procera to the high ratio of lignin to suberin in  29 
the walls of phellem cells. Non-suberised lignified cells may occur in the periderm, and are  30 
termed ‘phelloids’ because they lack suberin and are not considered true phellem cells (Esau  31 
1960; Mauseth 1988
The air-filled phellem cells of some trees are thought to provide insulation (
).  32 
Esau 1953). The  33 
phellem cells of jarrah, particularly the TkP, are often heavily infused with polyphenols which  34 
would reduce their insulation effect, whereas the loose spongy rhytidome between the layers of  35 Publisher: CSIRO; Journal: BT:Australian Journal of Botany 
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phellem may function as insulation from high summer temperatures and wildfires. The  1 
relatively elastic nature of the non-thickened walls of the phloem facilitates the expansion of  2 
this tissue in the rhytidome. Chattaway (1955)
Lenticels have been observed in almost all phellems (
 claimed that the expansion is due to a burst of  3 
cell activity as a result of altered metabolism when the tissue is cut off by a periderm. Further  4 
work is required to determine why parenchyma in isolated secondary phloem should expand,  5 
when similar cells in isolated primary and secondary cortex simply disintegrate.  6 
Langenfeld-Heyser et al. 1996),  7 
although the portion of the phellem area they take up varies quite widely (Lendzian 2006).  8 
Lenticels are thought to be possible infection courts for fungal pathogens in woody plants  9 
(Harris 1991; Isaac 1992). Lenticels were identified in the green stem of jarrah close to the  10 
periderm boundary, where they appeared to replace stomata. Chattaway (1953) claimed that in  11 
young stems of Eucalyptus, periderm develops first in association with lenticels; however,  12 
observations in jarrah suggest that the progression of periderm up the main stem leads to  13 
localised formation of periderm at the site of stomata, resulting in the formation of lenticels. In  14 
jarrah, lenticels comprise flattened, lignified and phenolic-rich cells with no visible air spaces.  15 
Sufficient gaseous exchange may occur through the overlapping layers of periderm and the  16 
spongy rhytidome in jarrah, and lenticels may not be as important in gaseous exchange as they  17 
are in smooth-barked trees with conspicuous lenticels (Whitmore 1962
There is also localised periderm formation in green stems at sites of leaf abscission in the  19 
lower stem of jarrah seedlings. Arrested development of cells in the abscission-zone results in  20 
tracheary elements that have less lignin, making possible the production of a continuous  21 
protective layer (a periderm) at the site of abscission (
).  18 
Addicott 1982
The emergence of axillary and accessory buds can also provide ingress for pathogens. Naked  23 
axillary buds do not produce bud scales or cataphylls (
).  22 
Carey 1930; Chattaway 1958). Protection  24 
of the new naked shoot occurs through the older leaves simply folding over the younger tissue  25 
in the early stages of emergence. Naked buds near the apex of major branches tend to develop  26 
concurrently with their parent shoot, whereas further back their development is inhibited.  27 
Burrows et al. (2008) showed that the primary axillary bud of four Eucalyptus spp. was usually  28 
abscised, potentially exposing the epicormic strand and leaving a deep scar. Areas surrounding  29 
axillary buds are protected by a cuticle or a periderm, or a mosaic of both, when buds are  30 
located near the green stem–periderm boundary. However, these protective layers are not  31 
always continuous, particularly at the point of shoot emergence where collenchyma is present.  32 
The potential for collenchyma walls to store antibacterial compounds (Leach et al. 1982) and  33 
the thickness of the walls may provide some protection against invasion of stems by  34 
microorganisms, in the absence of protective tissue such as periderm or cuticle. The absence of  35 
cuticle from emerging concealed buds has implications for pathogen entry.  36 Publisher: CSIRO; Journal: BT:Australian Journal of Botany 
 Article Type: research-article; Volume: 57; Issue: 3; Article ID: BT08225 
 DOI: 10.1071/BT08225; TOC Head: Structure and Development 
Page 10 of 11 
To inhibit pathogen growth, the fungicide phosphite is currently being used in Australia to  1 
induce a strong and rapid defence response in plants challenged by P. cinnamomi. However,  2 
lenticels, sites of leaf and shoot abscission and emergence, and axillary shoots all provide  3 
points of ingress in unwounded stems. Future work will determine whether jarrah stems  4 
develop anatomical barriers when injected with phosphite and challenged by P. cinnamomi.  5 
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Fig. 1.  (a) Transverse section of a 4-week-old seedling root just below the collar (Spurr’s resin, no stain,  13 
epi-fluorescence). Polyphenolic cells (arrows) are distributed in the cortex (C), endodermis (En), pericycle  14 
(P), phloem (PP) and xylem (X). Initiation of the phellogen is seen in the pericycle (see b for details).  15 
Some disintegration of the cortex is evident. Scale bar = 50 μm. (b) Enlargement of the area within the  16 
square in a, showing details of pericycle division (arrow) immediately internal to the endodermis (En).  17 
Scale bar = 20 μm.  18 
Fig. 2.  Transverse section of the lower main stem of a 4-month-old jarrah seedling at the green stem– 19 
periderm boundary (Spurr’s resin, toluidine blue O, light microscopy). The phellogen (Pg) has formed a  20 
concentric layer internal to the primary phloem (PP). A secondary cortex has formed between the primary  21 
and secondary phloem (SP). Scale bar = 50 μm.  22 
Fig. 3.  Transverse section through a ‘tongue’ of periderm in the main stem of a lignotuberous jarrah  23 
seedling (fresh, free-hand section, Sudan black B, light microscopy). The first periderm has formed  24 
internal to the primary phloem and has surrounded a group of phloem fibres (arrow). The phellem (TnP)  25 
has stained blue–black, indicating the presence of suberin. The cortical tissue external to the periderm is  26 
dead, collapsed and shows polyphenolic material. The intact cuticle also reacts positively to Sudan black  27 
B. Scale bar = 50 μm.  28 
Fig. 4.  Longitudinal section through the main stem of a lignotuberous jarrah seedling (fresh, free-hand  29 
section, no stain, epi-fluorescence). Three layers of periderm (Per1, 2 and 3) have formed in the primary  30 
cortex. The most recent periderm (3) has formed thin-walled phellem with dome shaped outer walls and  31 
numerous phelloderm layers (Pd). The isolated cortex (IC) has died and begun to disintegrate, whereas the  32 
cuticle (Cu) is intact and fluorescent. Scale bar = 50 μm.  33 
Fig. 5.  Longitudinal section through the main stem of a lignotuberous jarrah seedling (fixed with  34 
paraformaldehyde–glutaraldehyde mixture, free-hand section, no stain, epi-fluorescence). Periderm has  35 Publisher: CSIRO; Journal: BT:Australian Journal of Botany 
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formed in the subepidermal layer. The thin-walled phellem (TnP) fluoresces sky-blue, as do the sclereids  1 
(S), in the cortex. The isolated epidermis (Ep) has collapsed whereas the cuticle (Cu) is intact and  2 
fluorescent. Scale bar = 50 μm.  3 
Fig. 6.  Transverse section through the main stem of lignotuberous jarrah seedling (fresh, free-hand  4 
section, Sudan black B, light microscopy). Periderm formation has occurred in the secondary phloem  5 
(SP). A ‘wedge’ of thick-walled phellem (TkP) occurs between layers of thin-walled phellem (TnP),  6 
which has stained blue–black. Note the most recent periderm surrounds phloem fibres (arrow), and the  7 
break in the older layers of TnP at the tip of the TkP ‘wedge’. Scale bar = 50 μm.  8 
Fig. 7.  Longitudinal section through the main stem of a lignotuberous jarrah seedling (fixed with  9 
paraformaldehyde–glutaraldehyde mixture, free-hand section, no stain, epi-fluorescence). Thin-walled  10 
phellem (TnP) alternates with thick-walled phellem (TkP) and dead isolated cortical tissue (IC) to produce  11 
rhytidome. There are the following two types of TnP present: TnPa autofluoresces brilliant pink, the  12 
youngest cells are dome shaped whereas the older cells fluoresce yellow and the cells have collapsed;  13 
TnPb autofluoresces purple–blue, the cells are more isodiametric and retain their shape and fluorescence  14 
for longer. Scale bar = 50 μm.  15 
Fig. 8.  Transverse section through a 6-month-old jarrah seedling stem (Spurr’s resin, toluidine blue O,  16 
ligth microscopy, fixed). The first periderm (Per1) has formed internal to the primary phloem (PP) and  17 
isolated a stomata (arrow). Scale bar = 50 μm.  18 
Fig. 9.  Surface view of the green stem–periderm boundary of a 6-month-old jarrah seedling stem,  19 
showing a lenticel (L) (scanning electron microscopy).   20 
Fig. 10.  Transverse section of the main stem of a jarrah sapling (Spurr’s resin, toluidine blue O, light  21 
microscopy). In the rhytidome (Ry) the cells of the dead secondary cortex are expanded and wall  22 
fragments hold the phloem fibres (thin arrow) and the sclereids (thick arrow) in place. Scale bar = 100  23 
μm.  24 
Fig. 11.  Surface view of the green stem of a lignotuberous jarrah seedling (scanning electron  25 
microscopy). The leaf scar (LS) has a conspicuous bundle scar (BS) in the middle. Above the leaf scar is a  26 
smaller abscission scar on the stem from the naked axillary bud (AS). A second axillary bud (arrow) has  27 
just emerged from the periderm of the leaf scar.   28 
Fig. 12.  Collenchyma has formed around the developing axillary bud apex (AB) and there is a cap of  29 
crushed dead corky cells (cap). Periderm of TnP and TkP has formed adjacent to the cap. Scale bar = 50  30 
μm.  31 
Fig. 13.  Tracheary elements (TE) on either side of the leaf abscission zone (AZ).  32 